A selection is presented of fiber-optic and micro-optic devices that have been designed and tested for guaranteeing the quality and safety of typical foods, such as extra virgin olive oil, beer, and milk. Scattered colorimetry is used to authenticate various types of extra virgin olive oil and beer, while a fiber-optic-based device for UV-VIS-NIR absorption spectroscopy is exploited in order to obtain the hyperspectral optical signature of olive oil. This is done not only for authentication purposes, but also so as to correlate the spectral data with the content of fatty acids, which are important nutritional factors. A micro-optic sensor for the detection of olive oil aroma that is capable of distinguishing different ageing levels of extra virgin olive oil is also presented. It shows effective potential for acting as a smart cap of bottled olive oil in order to achieve a non-destructive olfactory perception of oil ageing. Lastly, a compact portable fluorometer for the rapid monitoring of the carcinogenic M1 aflatoxin in milk, is experimented.
The quality and safety of the food we eat attracts a great deal of publicity, and is high on the list of public concerns. This highly emotional issue leads to a more 'aware' consumption of food, and a demand for fresher, better-tasting, safer, healthier and higher quality food is escalating in every country. As part of a healthier lifestyle, people of all ages are being encouraged to increase their consumption of fresh or minimally processed foods 1, 2, 3, 4 .
We live in a global marketplace, and we eat a great variety of foods from many different countries. Many fruits, vegetables and dairy products now on the market were not available ten years ago. These are grown using a variety of production practices, from small organic operations to large-scale mechanized farms. On the one hand, produce buyers want to be reassured that farmers are taking reasonable steps to ensure that the produce delivered is safe and free from human pathogenic bacteria and mycotoxins. On the other hand, consumers and food handlers (restaurateurs, retailers, etc.) need to know that the food which they eat and serve is safe and healthy.
In addition to conventional analytical techniques, new instruments and tools are being envisaged that are capable of reducing the costs of quality control and of alerting people of the onset of risks. Also, new instruments for traceability and certification are needed, especially those based on low-cost techniques. The associations of producers and small farmers are increasingly demanding cheap and effective control devices, which are mainly considered as marketing tools for the protection of 'locally-grown' traditional foods. These foods are renowned, and need to be protected from adulteration and imitation, in view of their high qualitative standards, safety, and nutritional excellence.
Sensors based on optic and micro-optic techniques are found to offer effective and low-cost solutions for many industrial and process control applications. Especially in the case of spectroscopy-based devices, the intrinsic optical and mechanical characteristics of optical fibers, together with the wide availability of bright LEDs and portable spectrometers, have made it possible to implement compact instrumentation with a high potential for many applications in the food sector.
This paper presents a selection of spectroscopy-based fiber-optic and micro-optic devices that have been designed and tested for monitoring the quality and safety of typical foods, such as extra virgin olive oil, beer, and milk:
Multi-angle and multi-wavelength absorption spectroscopy in the visible spectral range, i.e. scattered colorimetry, has been experimented to gather information on the entire color and turbidity content of liquids. This technique has been used to classify extra virgin olive oils according to their geographic area of origin, and for a digital mapping of Belgian beers, in order to group these according to assigned classes.
A low-cost fiber-optic-based device for wide-range absorption spectroscopy has been experimented to measure the hyperspectral optical signature of extra virgin olive oils. This was done not only in order to predict their geographic origin, but also to correlate the spectral data to the content of the most important fatty acids, essential nutritional factors.
A micro-optic sensor for oil aroma detection, that is capable of distinguishing different ageing levels of extra virgin olive oils, has been implemented. The sensor uses an array of metalloporphyrin-based materials, the absorption spectra of which act as oil-quality indicators. The experimental results have shown the possibility of implementing a 'smart cap', fitted by the metalloporphyrins as sensors, for achieving a non-destructive olfactory perception of oil ageing during the bottle shelf life.
A compact, easy-to-handle and portable fluorometer has been tested for the rapid detection of the carcinogenic M1 aflatoxin in milk. This sensor is able to identify the legal limits of toxin, both 25 and 50 ppt, for baby and adult food, respectively, without any pre-concentration of the sample being necessary.
SCATTERED COLORIMETRY FOR THE DIGITAL MAPPING AND AUTHENTICATION OF EXTRA VIRGIN OLIVE OIL AND BEER

The working principle
Scattered colorimetry is a novel technique that makes use of multi-wavelength and multi-angle absorption spectroscopy. It is performed in the visible spectral range in order to simultaneously measure the entire content of color and turbidity of liquids, that is, in practice, the appearance 5 .
Although appearance is usually referred to a visual perception, scattered colorimetry determines appearance objectively by means of a measuring instrument. It does this in such a way that it does away with subjectivity. In addition, in many cases, scattered colorimetry not only provides information regarding visual perception, but also indicates special characteristics such as quality and, in the case of mixtures, a breakdown of components.
Once appearance has been measured, similar liquids can be mapped: i.e., they can be classified according to similarities, and then compared. The mapping of similar liquids provides information that is complementary to the strictly chemical data obtained by conventional analytical tools and endows it with a digital fingerprint. Once liquids have been mapped, i.e., groups of liquids have been created on the basis of similarities, samples may be associated to the appropriate classes.
The instrumentation
The instrumentation used for scattered colorimetry is a low-cost optoelectronic device for measuring the absorption spectra of samples at different angles, as shown in Figure 1 . It consists of four white-light LEDs that span the 450-650 nm spectral range, and a miniaturized optical fiber spectrometer that serves as a detector. The sources, which can either be fitted to the probe or guided by optical fibers, are located at an angle of 0°, 30°, 60°, and 90° with relation to the detector. The probes, with and without optical fibers, are shown in Figure 2 . The LEDs are switched on sequentially in order to measure the transmitted and scattered spectra. Whit sou rcs SaiipI cpt loal fib r spct romt r soot t rd spct ra
Because scattering is a wavelength-dependent phenomenon, the transmission spectrum of turbid media, which mainly provides information regarding color, is also affected by turbidity. On the other hand, the scattered spectra, which mainly provide information on turbidity, are also affected by color. Given the spectrometer's spectral resolution, the sample of liquid being tested can be characterized by means of a maximum of 184 spectral values coming from the four absorption spectra, each of which consists of 46 wavelengths. In practice, each sample of liquid analyzed can be represented by a point in a space with 184 dimensions. 
The data processing
Because scattered colorimetry is a spectroscopic methods that is inherently multivariate, a multivariate data processing was used to achieve a reduction in data dimensionality, in order to better extract the significant information for sample identification and classification 6, 7, 8, 9 .
The spectral data were processed by means of Principal Component Analysis (PCA) or Linear Discriminant Analysis (LDA), which provided the coordinates for identifying the samples on two-or three-dimensional maps. PCA, which proved to be a powerful tool for explorative data analysis and for reducing data dimensionality, linearly combined the 184 spectral data characterizing each sample to produce new variables or principal components (PCs). High order PCs had little weight in characterizing the samples, and could be disregarded with little loss of information. In actual practice, only PC1, PC2, and PC3 were found to be significant for sample identification. When several samples were analyzed, the three-dimensional maps in the PC1-2-3 subspace were populated by clusters of points, grouping the samples in terms of similarities in their color and turbidity.
In cases where PCA was unable to discriminate satisfactorily, we used LDA, which provided a significant reduction in data dimensionality and automatic object classification. Given an N-class problem, the LDA extracted N-1 discriminating functions (DFs) from the data, which corresponded to the PCs in the PCA, but offered a better resolution
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Mapping of extra virgin olive oils for geographic origin traceability
Italian extra virgin olive oils (EVOO) are renowned for their tangy taste and for their nutritional benefits as monounsaturated fats and antioxidants 10 . Suitable methods and technologies for qualifying and certifying oils thus need to be provided, to protect both producers and consumers 11 . The taste and appearance of oils are determined not only by weather conditions, but also by olive-harvesting methods, which are primarily based on local traditions. Appearance depends on both color and turbidity. Color is mainly determined by the pigment content of the olives, the type of tree they grow on, and how ripe they are when they are harvested. On the other hand, turbidity is mainly related to the production method.
To validate scattered colorimetry and multivariate data processing as mapping tools, we examined extra virgin olive oils 
Mapping of Belgian beers
The brewing industry, both artisan breweries and large-scale complexes, makes use of specially-equipped laboratories for the assessment of beer quality, so that the production process can be optimized. In addition to monitoring chemical parameters, allergens and microbiological organisms, other authentication methods are envisaged, in order to guarantee quality and safety during the production process and packaging phase.
Scattered colorimetry was validated also to map beer, which is one of the Belgium's greatest specialties. There are more than 100 different breweries producing beers with unusual and peculiar tastes 13, 14 . In addition to having a different taste, each beer has a different and distinctive appearance. This is caused not only by the color, but also by the turbidity content. Consequently, the appearance of the beer can be considered as a product fingerprint.
A collection of 50 diverse and commercially-available Belgian light beers was considered and measured by means of scattered colorimetry. Brown beers were not considered because of their high absorbance, which results in a poor signalto-noise ratio. Figure 5 -left shows the absorption spectra at 0° of all beer types. The spectral data from the absorption spectra at 0° and 90° were processed by means of PCA. Figure 5 -right shows the beer mapping in the PC1-2 subspace: the points representing the beer samples cluster according to the four beer types: blonde, amber, red, and weiss, demonstrating that a digital mapping has been successfully obtained 15 . Figure 5 . Belgian beers -left: absorption spectra at 0° of different beer types; right: mapping according to type.
THE HYPERSPECTRAL SIGNATURE OF LIQUIDS BY MEANS OF WIDE-RANGE ABSORPTION SPECTROSCOPY
Absorption spectroscopy is one of the most popular and successful methods in conventional analytical chemistry. When performed over a wide spectral range it can lead to a product fingerprint, especially as far as the nutritional factors of the food are concerned 16, 17, 18 . An attempt was made to use UV-VIS-NIR absorption spectroscopy for the authentication of extra virgin olive oils, as well as for predicting the most important fatty acids 19 .
The instrumentation
Absorption spectroscopy in the 200-1700 nm spectral range was performed by means of a compact and low-cost spectrometric device that made use of fiber optic bundles, as shown in Figure 6 . It consisted of a deuterium/halogen lamp (Micropack Inc., DH-2000-BAL) coupled to a fiber optic bundle, which provided illumination to a quartz cuvette containing the oil sample. Another bifurcated fiber optic bundle was used to detect the transmitted light intensity, and to split it into two spectrometers for UV-VIS (Ocean Optics Inc., HR4000) and NIR (Ocean Optics Inc., NIR512) spectroscopy, respectively.
The working ranges of the spectrometers were slightly overlapped, with a different spectral resolution. The 200-1100 nm UV-VIS range offered the best resolution of 0.23 nm, while the 900-1700 nm NIR range provided a lower resolution of 1.7 nm.
The data processing
The spectral data were processed by means of multivariate data analysis techniques: PCA was used for dimensionality reduction, while LDA was used for oil classification. The data processing protocol considered the following steps:
1. Two matrices were created by means of the UV-VIS and NIR transmission spectra, respectively, with each row representing the spectrum of a different oil sample. 2. The two matrices were separately processed by means of PCA, in order to compress the relevant information into a limited numbers of features (scores), thus creating two score-matrices, for UV-VIS and NIR PCA-data, respectively. 3. The two score-matrices were concatenated along the 2 nd dimension, thus obtaining the UV-VIS and NIR data fusion. 4 . LDA was applied to the joint matrix, by extracting two Linear Discriminating functions, DF1 and DF2, for the classification of oil.
Lastly, DF1 and DF2 were used to build a 2D map, each point of which represented one oil with its own peculiar spectral characteristics. The transmission spectra of the full collection, as shown in Figure 7 , reveal at a glance different spectral signatures for the various oils. The main differences in the UV-VIS region are due to the different content of phenol-derivatives, carotenoids and chlorophylls, while the small differences in the NIR region are mainly caused by the difference in fatty acid content.
Three PCAs were sufficient to model the NIR spectra, and explained 99% of the data variance. The UV-VIS spectra showed a more complex structure, and required four PCAs to describe the data, with an explained variance of 93%. The data matrix for LDA consisted, therefore, of 7 columns. Figure 8 shows the result of PCA/LDA processing, that is, the 2D map in the DF1-2 space. A very good clustering was achieved depending on the geographic region of origin of the oils.
Correlation of the spectral data with the most important nutritional parameters of the oils
Among the 85 samples of Italian extra virgin olive oils constituting the analyzed collection, those from Sicily were in the majority, with 42 samples. This subset was selected to run multivariate data analyses in order to test what kind of correlation might exist between the optical data and the chemical characteristics of the oils, especially the fatty acids.
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To find the degree of correlation between the spectral and chemical data, the spectral data were processed by means of PLS analysis. Both UV-VIS and NIR bands were tested as predictor matrices, and the most convenient one was then chosen. Olive oil is a complex compound made up principally of fatty acids. These represent 98% of its composition. The related percentage of fatty acid reveals the nutritional value of the oil itself. For these reasons, the most important fatty acids were considered for correlation with the spectral data.
The set of fatty acids was obtained by using of conventional analytical techniques. Table 1 lists the fatty acids that give the best fitting by processing the spectral data of the NIR spectral band. The average value of fatty acids, the SECV and the correlation coefficient, R, between the analytically-measured and predicted values, are also listed in the Table. As shown in Figure 9 , the best correlation was found in the total content of Palmitic+Stearic acids, together with a good correlation with Oleic acid, the main monounsaturated fatty acid of olive oil, and with Palmitic acid. However, adequate correlation was detected also with Eptadecanoic and Eptadecenoic acids, which usually exhibit a concentration lower than 0.5%. This demonstrates that the concentration level influences the prediction method only slightly. 
A SMART CAP FOR ACHIEVING A NON-DESTRUCTIVE OLFACTORY PERCEPTION OF OIL AGEING
Extra virgin olive oil is usually bottled in such a way that a head space is left between the oil surface and the cap. During the oil's shelf life, this head space becomes saturated by oil vapors. These vapors are true indicators of the quality of the oil, since the aroma changes drastically to rancid because of ageing or improper conservation 20 . A non-destructive system would be desirable in order to detect the state of the oil aroma during its shelf life without having to open the bottle.
A possible design of a smart cap for olive oil aroma detection is shown in Figure 10 . As aldehydes, such as nhexaldehyede, octyl-aldehyde, and nonanal, are mainly responsible for the rancid aroma 21 , aldehyde-sensitive chromophors that change their colors as a function of aldehyde concentration can be fitted to the cap and used as optochemical sensors of oil ageing. In practice, the olfactory pattern of the bottle head space is converted into a color pattern of the chromophore-array, which can be detected by means of a spectrometric-based optical head. With this idea in mind, we implemented and tested a precursor of a smart cap 22 .
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A precursor of the smart cap -an optical scanner for the interrogation of vapor-exposed metalloporphyrin-based sensors
Metalloporphyrin-based materials are highly sensitive to a wide range of volatile compounds 23, 24, 25 . They change the absorption spectrum and, consequently, the color when exposed to many types of vapors, including aldehydes, although they are lacking in high selectivity. As the sensitivity and selectivity of porphyrins are greatly influenced by the coordinated metal, an array of metalloporphyrins made of different metals was created and their overall response to aldehydes was processed by means of chemometric methodologies in order to achieve an olfactory perception. The sensors were prepared from water-ethanol metalloporphyrin solutions that were sprayed on polyethylene disks. The precursor of a smart cap for sniffing olive oil ageing and the experimental setup for its testing are shown in Figure  11 . The container of extra virgin olive oil was placed on a heater to provide artificial ageing. The oil vapor were guided inside a flow cell containing the sensors. A micro-optic scanner fitted inside the flow cell was used for spectral interrogation of the sensors while exposing them to vapors of progressively aged oil 26 . The scanner consisted of a revolving platform with 16 slots powered by a step motor: in one slot, a polyethylene disk was positioned as a reference for signal normalization, while the metalloporphyrin-based sensors were positioned in the remaining fifteen slots. Two optical fibers, connected to an optical fiber spectrophotometer, were fitted to the flow cell in a fixed position so that they could perform transmission measurements of all the sensors while the revolving platform rotated. The spectrophotometer used for the spectral interrogation of the sensor array was a custom-made device operating in the 400-700 nm spectral range, with a resolution of 10 nm 27 . LabView ® software was used to manage all measurements, to set the spectrophotometer parameters, to operate the step motor, and to acquire the spectral data.
A sample of extra virgin olive oil was artificially aged by exposure to 70°C for 45 hours, with 5 heating steps, while measuring the absorption spectra of the sensor array at every step. The processing of the spectral data was performed by means of Unscramble ® software
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. The results of PLS analysis, which correlated the ageing time to the sensor array response, are shown in Figure 12 . The correlation factor was 0.97, demonstrating that the micro-optic system implemented, which simulated the performance of a smart cap, was capable of distinguishing the different ageing levels of extra virgin olive oil. 
A PORTABLE FLUOROMETER FOR THE RAPID DETECTION IN MILK OF THE CARCINOGENIC M1 AFLATOXIN
Aflatoxins (AFs) are fungal metabolites produced by widespread moulds, and can colonize foodstuffs and feed that support fungal growth. A very important aflatoxin is the M1 type (AFM1), also known as 'milk toxin'. AFM1, which is the main metabolite of B1 aflatoxin (AFB1), is found in the milk of lactating animals as a result of having eaten AFB1-contaminated feed. Due to the fundamental role of milk in the human diet, especially as infant nourishment, the fact of finding AFM1 in dairy products is regarded as a significant hazard for food safety and public health.
To date, the European Union has the most rigorous regulations concerning AFM1 in milk: the maximum legal limit is set at 0.05 µg/Kg (50 ppt) for all European Union Member States, and guidelines suggest adopting lower limits for baby food: i.e. 25 ppt 29, 30 . New low-cost screening methodologies suitable for rapid and large-scale tests on milk are therefore greatly needed.
As AFM1 has a native fluorescence, a portable fluorometer was implemented for AFM1 content detection in liquids. Although the instrument was equipped by means of a quartz cuvette, it could be easily implemented by means of an optical fiber strand, as shown in Figure 13 -left. The instrument makes use of a LED source emitting at 365 nm and of a highly sensitive PMT detector that makes it possible to measure extremely low fluorescence signals. The source and the detector were equipped by means of band pass filters that provided an optimal optical isolation between the illumination and detection spectral bands. The optical system was PC-driven, and the measurement procedure could be suitably automated by using custom-made software. The spectral configuration for AFM1 fluorescence detection is shown in Figure 13 -right. It is characterized by an excellent isolation between excitation and detection spectral bands 31 .
The titration curve for AFM1 aqueous solutions in the 0-125 ppt concentration range is shown in Figure 14- Based on this reference scale, the aforesaid fluorometer could be used as the starting point for 'tree decisions' when measuring fluorescence of unknown samples: if the result is within level 1, the sample is considered 'safe' and the control chain ends at this point; if the fluorescence value falls within level 2, the sample is potentially contaminated, and more thorough analyses are needed; if the result is level 3, the sample belongs to a stock that is contaminated over the admitted level, and the entire stock should be discarded.
Since the use of cyclodextrins (CDs) as fluorescence enhancers for aflatoxin detection is widely reported in the literature, and succinyl-β-CD is considered to be the most efficient fluorescence enhancer for AFM1 32, 33 , a new titration curve was measured by using succinyl-β-CD at 5 mM ratio. Figure 14 -right shows the differences between the photo-counts measured with and without the fluorescence enhancer, at the various AFM1 concentrations. The increased sensitivity is evident: in particular, the value for the lowest detectable limit (25 ppt) increased by a factor of 3 in the presence of succinyl-β-CD. Moreover, the improvement in sensitivity is highlighted by the higher slope in the linear best fit, which increased about 1.5 times in the presence of the fluorescence enhancer 34 . 
PERSPECTIVES
The instruments presented in this paper have been implemented with the intention of providing information that is complementary to the strictly chemical data obtained by using conventional analytical techniques. Based on low-cost spectroscopic devices and friendly, programmable software interfaces, these instruments can easily be adapted for other applications. Typically, the color and turbidity assessment of liquids as an objective tool for liquid mapping can be of interest for many types of liquids, such as spirits, juices, and beverages of all types, both for product control during production and for certification purposes. Moreover, the hyperspectral signature of all kinds of liquids can provide information regarding the presence of dyes, peculiar constituents, nutritional factors, preservatives, and additive compounds. We should also point out that, in addition to the smart cap presented here, there are many other products looking for sensorized packaging. The most relevant of these is a smart packaging capable of controlling the cold chain. Fiber-optic and micro-optic technologies are particularly well received in the food sector with a view to implementing a bar-code reader able to non-destructively interrogate the quality and safety of many food types by means of a lightmediated sensorized packaging.
